Endothelial progenitor cells (EPCs) has been shown to be present in umbilical cord blood (UCB) in addition to hematopoietic stem cells. Cryopreservation is the accepted method for long-term storage of UCB. However, whether EPCs can be derived from cryopreserved UCB samples is unclear. The aim of this study was to investigate the differentiation potential of EPCs from cryopreserved CB samples. CD34 + cells were isolated from fresh or frozen and thawed UCB using magnetic beads. Cells were then cultured on fibronectincoated plates containing endothelial differentiation medium. After 4-5 weeks in culture, endothelial-like cells were generated from fresh UCB samples, but not cryopreserved UCB samples. Examining this further, both fresh and frozen/thawed UCB MNCs were stained with Annexin V-PE and 7-actinomycin D (7-AAD) using flow cytometry. We found that there were a significant number of apoptotic cells in cryopreserved UCB samples compared to fresh UCB samples. In conclusion, cryopreservation induced UCB cell apoptosis and impaired EPC differentiation.
INTRODUCTION
cells from fresh UCB samples gave rise to homogenous endothelial-like cells; however, CD34 + cells from frozen UCB samples failed to produce these cell populations Umbilical cord blood (UCB) is a potentially valuable source of hematopoietic stem cells (HSCs), mesenchy-under the same culture conditions. We investigated these populations by studying the effect of cryopreservation mal stem cells, and endothelial progenitor cells (EPCs) that can be used for a range of therapeutic applications, on the induction of apoptosis in the frozen UBC samples. from bone marrow transplantation to cell-based repair or replacement of diseased tissues (7, 10, 12) . Because of Apoptosis is the common cell death pathway, which is initiated by a variety of different stimuli. The entry these properties, cord blood-derived EPCs are currently being investigated for use in ischemic heart disease into apoptosis is accompanied by a loss of membrane phospholipid asymmetry, resulting in the exposure of treatment and cardiovascular tissue engineering.
Cryopreservation is the only reliable form of long-phosphatidylserine (PS) at the surface of the cells (4). The protein Annexin V preferentially binds to negatively time storage of UCB cells. However, both the freezing and thawing process result in considerable cell and tis-charged phospholipids like PS (1). During these initial stages of apoptosis, the cell membrane remains intact, sue injury (6,8). It has been reported that cryopreservation induces CD34 + cells into apoptosis (13) . Whether while in the late apoptotic/necrotic stages, the cell membrane loses its integrity and becomes porous. The fluo-this process affects EPC differentiation is unclear. In this study, we attempted to isolate and differentiate EPCs rescent DNA binding agent 7-actinomycin D (7-AAD) enters late apoptotic/necrotic cells, but not early apopto-from cryopreserved UCB. Fresh UCB samples were used as controls. During the course of this study, CD34 + tic cells when they still possess an intact cell membrane 1424 LU, PROCTOR, AND DICKINSON (11) . Thus, viable cells are Annexin V negative/7-AAD tometer (BD Biosciences) and were analyzed with Cellquest software (BD Biosciences). negative and early apoptotic cells are Annexin V positive/7-AAD negative while late apoptotic/necrotic apo-Endothelial like-cells from fresh UCB samples were detached from the culture dish using trypsin at week 4. ptotic cells are Annexin V positive/7-AAD positive.
Using flow cytometry, mononuclear cells (MNCs) Cells were then washed and counted. Several endothelial cell surface markers were evaluated by incubation for 30 from fresh or frozen UCB samples were stained with Annexin V-PE, and 7-AAD. We found that the apopto-min at room temperature with fluorochrome-conjugated MAb CD31 and CD105 (Serotec, Oxford, UK). The sis observed with frozen UCB samples affected EPC differentiation.
cells were then analyzed as described above.
CD34 + Cell Isolation by Magnetic Activated MATERIALS AND METHODS
Cell Sorting Informed consent was obtained from expectant moth-For CD34 + cell isolation, MNCs from both fresh and ers prior to collection of UCB. Local ethics committee frozen samples were subjected to immunomagnetic sepapproval was obtained for this study. UCB samples were aration using a mini-MACS isolation kit (Miltenyi Biocollected from full-term deliveries and MNCs were septech, Surrey, UK), following the manufacturer's recomarated over Lymphoprep (Nycomed Phama AS, Oslo, mendations. Briefly, MNCs were incubated for 30 min Norway) by density-gradient centrifugation at 800 × g at 6°C with FcR blocking reagent (human immunoglobfor 20 min at 20°C according to the manufacture's proulin G IgG) and CD34 microbeads (microbeads conjutocol. Collected mononuclear cells were washed twice gated to monoclonal mouse anti-human CD34 antibody). in Dulbecco's phosphate-buffered saline (PBS).
After washing with PBS/0.6% ACD-A/0.5% BSA, the labeled cells were filtered through a 30-µm nylon mesh Cryopreservation and Thawing of UCB MNCs and loaded onto a column surrounded by a magnetic Separated MNCs were resuspended in cold freezing field. CD34 + cells bound to the CD34 microbeads were solution containing 70% RPMI-1640, 20% fetal calf seeluted after the column was removed from the magnet. rum (FCS), and 10% dimethyl sulphoxide (DMSO) and
The collected cells were applied to a second column and aliquoted into 2-ml cryotubes at a density of 10 × 10 6 the purification step was repeated. The total number of cells/ml, wrapped in bubble plastic, and cryopreserved CD34 + cells recovered was determined using a hemocyat −80°C freezer overnight. The cells were then transtometer. ferred to a −140°C freezer for long-term storage. The Endothelial Progenitor Cell Differentiation cryopreservation method was adapted from previously described protocols (15) .
CD34 + cells were cultured in fibronectin-coated, six-Thawing was performed by immersion at 37°C in a well plastic dishes at 1 × 10 6 cells/well containing M199 water bath and then resuspension in at least 10 volumes medium (Sigma, UK), supplemented with 20% FCS, 1× of PBS + 0.6% anticoagulants citrate dextrose-formula vascular endothelial grow factor (VEGF), basic fibro-A (ACD-A) plus 0.5% bovine serum albumin (BSA) and blast growth factor (bFGF; 1 ng/ml), and insulin-like washing twice by centrifugation. The cells then were growth factor-1 (IGF-1; 2 ng/ml). All growth factors counted and assessed for viability by trypan blue dye were purchased from Sigma (UK). Cells were incubated exclusion.
for up to 5 weeks at 37°C in a humidified atmosphere and 5% CO 2 .
Flow Cytometry Analysis of Apoptotic Markers Immunocytochemistry and Endothelial Cell Markers
In order to evaluate the influence of the cryopreservavon Willebrand Factor (vWF). Endothelial-like cells were fixed with 99.9% ethanol for 10 min and rinsed tion on the UCB MNCs, freshly isolated and previously cryopreserved then thawed samples were triple-stained with PBS. The cells were then incubated in a blocking buffer consisting of PBS/BSA for 30 min at 37°C and with Annexin-V-PE, 7-AAD, and anti-CD34-FITC. In brief, samples were diluted to 1 × 10 6 cells/ml, and 100-incubated with anti-vWF (rabbit anti-human vWF; Sigma, UK) at a dilution of 1:100 (v/v in PBS) for 30 µl aliquots of cells were labeled with CD34-FITC and incubated at room temperature for 15 min. For Annexin-min at 37°C. Excess antibody was washed away with PBS and the cells were then reincubated for another 30 V-PE and 7-AAD labeling, cells were incubated for a further 15 min at room temperature in binding buffer min at 37°C with a secondary antibody (FITC-conjugated goat anti-rabbit IgG; Sigma, UK) at 1:160 dilution according to the manufacturer's protocol (BD, Biosciences). Data were collected on a FACSCalibur flow cy-(v/v in PBS). After washing away excess antibody with PBS, the cells were examined by confocal microscopy fresh UCB samples were analyzed using a two-tailed Student t-test. A value of p < 0.05 was considered sig-(Leica TCS SP2 UV, Heidelberg, Germany, confocal system).
nificant.
Acetylated Low Density Lipoprotein Labeled With
RESULTS DiI (DiI-Ac-LDL) Uptake. In order to assess the ability FACS Analysis of Apoptotic Cell Populations of endothelial-like cells to take up Ac-LDL, 10 µg/ml Fresh (n = 7) and frozen (n = 7) cord blood samples DiI-Ac-LDL (Biomedical Technologies; Stoughton, were used in this study. MNCs from fresh or frozen MA; http://www.btiinc.com) was added to the cultures UCB samples were triple stained with Annexin V-PE, and cells were returned to the incubator for 4 h accord-7-AAD, and anti-CD34-FITC and analyzed using flow ing to the manufacturer's protocol. Cells were then cytometry. Early stage apoptotic cells were stained posiwashed three times with PBS, and examined by confocal tively for Annexin V-PE and late apoptotic/necrotic microscopy.
cells were stained positively for 7-AAD.
Statistical Analysis
The percentages of early apoptotic MNCs were 13.23 ± 5.53% in frozen samples and 2.19 ± 0.5% in fresh The results are shown as means ± SEM. Statistical differences between cryopreserved UCB samples and samples (p < 0.05). The percentages of late apoptotic/ necrotic MNCs were 27.21 ± 3.59% in frozen samples Cryopreservation Affected Endothelial Progenitor Cell Differentiation and 0.6 ± 0.23% in fresh samples (p < 0.05) (Fig. 1E) . The percentages of early apoptotic CD34 + cells were 10.53 ± 2.43% in frozen UCB samples and 7.14 ± 3.78%
Eight fresh UCB samples and 15 frozen UCB samples were used in this study. The CD34 + cells from both in fresh UCB MNCs. The differences were not significant (p > 0.05). The percentages of late apoptotic/ne-fresh and frozen samples were cultured under the same conditions. Cells from frozen samples produced a mini-crotic CD34 + cells were 26.15 ± 6.6% in frozen UCB samples and 4.87 ± 1.77% in fresh UCB samples. The mal, nonconfluent adherent layer of heterogeneous cells (Fig. 2D) , which did not proliferate beyond the first pas-difference was significant (p < 0.05) ( Fig 1H) .
sage. In contrast, the cells from fresh samples formed unable to make EPCs differentiate and proliferate (data not shown). Our observations indicated that EPCs from adherent heterogeneous cell populations after 1-2 weeks in culture. Cell confluence was reached after 4-5 weeks UCB were not responsive to zVAD-fmk and a different mechanism may be involved in the EPC cryoinjury. of culture and consisted of a monolayer of spindle-shaped cells; with some areas having typical "cobblestone" mor-
In conclusion, the present study has demonstrated that cryopreservation induced UCB cells into early or phology ( Fig. 2A) . These cells were positively stained for vWF ( Fig. 2B) and positive for Ac-LDL uptake (Fig. late stage apoptosis/necrosis, which impaired EPC expansion and differentiation. However, we did not test whether 2C). FACS analysis showed that these cells also expressed endothelial surface markers CD31 ( Fig. 2E) and controlled rate cryopreservation (cooling rate = −1°C/ min) (3) or different concentrations of DMSO (9) pro-CD105 (Fig. 2F) .
vided better protection from these apoptotic events, and DISCUSSION these investigations will form the basis of future studies.
In addition, future studies will involve an investigation UCB is a potentially valuable source of HSCs, MSCs, and EPCs. More than 100,000 units of UCB into the use of known inhibitors of apoptosis [e.g., zVADfmk (14)] for the protection of cell differentiation post-samples have been collected and stored worldwide for their potential use to treat various disorders. Cryopreser-cryopreservation. vation is the accepted method for long-term storage of ACKNOWLEDGMENT: This work was funded by One North-East, the Regional Development Agency for the NorthEast of UCB cells, and the quality of the cryopreserved cells is or fresh UCB samples were cultured in M199 medium
